Abstract. 1D model is used to simulate blood flow in major vessels of the upper body and head. The 1D part is stated in terms of viscous incompressible fluid flow in the network of elastic tubes. Two different types of junctions are considered: junctions between major vessels and junctions between arteries and veins. Vessel network reconstruction algorithm consists of vessel segmentation, thinning-based obtaining of set of centerlines, and graph reconstruction. Input data is 3D DICOM datasets, obtained with contrast enhanced Computed Tomography (CT) Angiography. Constructed model is used to study the influence of carotid artery stenosis on the direction of blood flow in the circle of Willis.
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Introduction
Investigation of pulsatile blood flow in cerebral normal and diseased vessels provides important information for clinical diagnosis. One-dimensional modelling is a well-developed approach in this area [1, 2] . It allows to simulate large number of arteries and veins and take into account regulatory mechanisms. Computational costs of such approach allow to run numerous numerical experiments in a short time on a laptop. 1D models can be used to study the impact of stenosis on blood flow patterns in cerebral region for different groups of patients. They can also help to choose the most optimal strategy of treatment.
The structure of circle of Willis can be very individual. Simulations based on pre-made averaged vessel structures could produce huge errors. This increases the importance of patientspecific approach in simulations of cerebral blood circulation.
In this work the 1D blood flow model [3] is used to investigate the impact of a stenosis in internal carotid artery on blood flow in the circle of Willis. Microcirculation regions between arteries and veins are simulated with the help of Poiseuille's pressure drop condition. An important feature of this work is reconstruction of patient-specific vessel structure based on CT images.
Methods

Blood flow model
1D haemodynamics model used in this work is the model of viscous incompressible fluid in a network of elastic tubes. Network of arteries is obtained from patient's CT images. Veins are considered to have the same structure as arteries, but different parameters. In this section brief description of the model is presented, for details we refer to [3, 4] . Blood flow in each vessel is described by hyperbolic set of mass and momentum balances
where k is the index of the vessel; t is the time; x is the distance along the vessel counted from the vessel junction point; ρ is the blood density (constant); A k (t, x) is the vessel cross-section area; p k is the blood pressure; u k (t, x) is the linear velocity averaged over the cross-section; f tr is the friction force. Relationship between pressure and cross-section is given by wall-state equation:
where ρ w is the vessel wall density (constant); f (A) is function
p * k is the pressure in tissues surrounding the vessel; A 0k is the unstressed cross-sectional area; c k defines elastic properties of the wall and can be considered as velocity of small disturbances propagation [5] .
At the terminal point of the venous system the pressure p H = 8mmHg is set as the boundary condition. At the entry point of the aorta the blood flow is assigned
Here function Q H (t) corresponds to the heart rate value of 1 Hz and stroke volume of 65 ml [6] . Bifurcation points are divided into two groups: 1) common junctions (between arteries and arteries or veins and veins); 2) microcirculation junctions (between arteries and veins). At common junctions continuity of pressure is postulated
where i, j are indexes of the vessels. At junction point between M arteries and veins the Poiseuille's pressure drop condition is used
where R k represents the hydraulic resistance of k-th vessel in the junction; ε = 1,x k = L k for incoming vessels, ε = −1,x k = 0 for outgoing vessels; p node is the pressure in the junction. Parameters R k are adjusted to simulate pressure drop between arteries and veins. To close the system, we add the mass conservation condition and compatibility conditions of hyperbolic set (1),(2) (see [4] ).
Reconstruction of patient specific vessel structure
Vessel network reconstruction algorithm consists of vessel segmentation, thinning-based extraction of centerlines, and graph reconstruction [11] . Input data is 3D DICOM datasets, obtained with contrast enhanced Computed Tomography Angiography. Resolution of each 2D transverse slice is 512x512 voxels. Only quasi-isotopic voxel grids with deviation from cubic grids less than 10% were used; other grids can be resampled into isotopic ones.
Anatomy of cerebral vessels in human body is represented by carotid arteries rooting at aorta, vertebral arteries separating from subclavian arteries (that also rooting at aorta), and small arteries in brain. Carotid and vertebral arteries merge in the circle of Willis that allows blood bypass stenoses in neck vessels.
Since all arteries studied originate from aorta, it is natural to segment aorta first ( Fig. 2.2 (d) ). Our method utilize Hough Circleness [8] and IDT algorithm [9] to produce the aorta mask [11] . Firstly, on the bottommost slice of dataset Hough Circleness algorithm finds largest bright disk corresponding to aorta cut. Secondly, using lowest intensity inside the aorta cut as the threshold we obtain mask M . This mask usually consists of aorta, cerebral vessels, and other bright tissues. Thirdly, IDT algorithm cuts mask M at bottlenecks and outputs mask M A including aorta and some parts of cerebral and coronary vessels. Finally, morphological operations are used to remove these vessel parts from M A .
Second segmentation step is to decrease intensities of bones ( Fig. 2.2 (c) ). We use multiscale MMBE algorithm [10] which requires two datasets: enhanced with contrast agent and not enhanced. This is the main drawback of our method because every patient has to experience procedure twice and obtains double dose of radiation. However, this step is essential because vertebral arteries are very hard to separate from neck bones on CT images.
Once the bones are darkened, Frangi Vesselness filter [7] is used to segment arteries ( Fig. 2.2  (e) ). Rather than assuming that the segmentation is the biggest connectivity component of voxels with high vesselness values, we search for all such voxel connectivity components next to the aorta mask. This approach considers that stenoses may divide carotid and vertebral arteries in several parts.
Finally, segmentation errors near the aorta border must be removed ( Fig. 2.2 (f) ). Despite Frangi Vesselness effectiveness, it can produce segmentation "leaks" near large bright structures like aorta. Let us denote the mask of cerebral vessels by M v . Leak removal is represented by iterative procedure working with voxel layers L i . Each layer L i is a set of voxels in mask M v separated from the aorta border by i voxels. On every iteration algorithm removes voxels from layer L i that have no adjacent voxels in layer L i+1 . Algorithm iterating for parameter values i = i max . . . 1. Start parameter value i max must be bigger than thickness of "leak" and experiments has shown that i max can be set to 15 voxels.
Entire segmentation algorithm is shown in Fig. 2.2 . Bone removal and aorta segmentation are independent steps and may be performed in any order. If the aorta is segmented first, the initial mask M will contain neck bones and skull as shown in Fig. 2.2 (d2) . After the segmentation, vessel centerlines are extracted with a version of Thinning method with False Twigs Elimination algorithm [11] . These centerlines are used to produce a graph of arterial network where each node corresponds to a bifurcation or an end of vessel and to each edge the length and mean radius of corresponding vessel tube are assigned.
Aorta border cleaning
Computational domain
The extracted network of arteries is presented in Fig. 2 . The network of veins is assumed to have similar structure and be connected to the arteries at terminal points. Parameters c k and R k were adjusted so that the model reproduces physiological values of blood flows as well as blood velocities measured in control points. The velocities were measured with the Doppler ultrasound method.
The circle of Willis for this particular patient is not closed and consists of vessels 36-35-28-73-85-10-7. The stenosis with degree 90 % is located in the left internal carotid artery. It was simulated by separating the stenosed vessel into three parts: the stenosed part, the proximal part and the distal part. Parameters of the proximal and distal parts correspond to the parameters of the initial non-stenosed vessel. The cross-section of the stenosed part was decreased. Table 1 shows comparison between simulated blood flow velocities and measured velocities for the patient with 90 % stenosis. Measurements after stenosis treatment were not available, so they are substituted by physiological range according to medical literature [6] .
Results
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Velocity with stenosis, cm/s Velocity (vessel on Fig. 2 Two series of calculation were performed. In the first series all parameters c k were decreased by 50%, simulating very elastic vessels. In the second series all parameters c k were increased by 50%, simulating very stiff vessels. Blood flow through vessel 85 (see Fig. 2 ) was studied for different degrees of stenosis. Results are shown on Fig. 3 . Low values of blood flow can be explained by very weak interaction between left and right parts of the Willis circle of the particular patient. Curves in Fig. 3 are almost identical and cross zero line near 54% value.
Conclusion
The numerical results show that the proposed vessel network reconstruction algorithm provides a good basis for patient specific simulations. It can be used for the prediction of results of stenosis treatment and for calculation blood flow patterns in hardly accessible regions. The main problems of our approach are necessity to perform two CT scans (with and without contrast) and some difficulties in detection of small vessels in the circle of Willis.
According to Fig. 3 , the direction of blood flow in the circle of Willis depends heavily on the degree of stenosis. Certain stenoses can stop blood flow in certain vessels, increasing risk of formation of blood clots. As a result, a relatively weak stenosis (54 %) can be more dangerous than a stronger one. Another interesting result is the very small difference between curves for elastic and rigid vessels in Fig. 3 . This shows that risks caused by changes in blood flow patterns due to the stenosis are the same for different groups of people: old people, athletes, smokers, etc.
Cerebral blood circulation model presented in this work does not take into account many important regulation mechanisms, such as baroreflex, regulation of CO 2 , etc. Regulatory mechanisms are essential in sustaining the blood pressure in cerebral arteries at necessary level. This drawback is partially compensated by pressure continuity condition in bifurcations, but still limits possible applications of the model. Fig. 2 ) for elastic vessels (0.5c) and rigid vessels (1.5c). Table 2 : Parameters of the artery network shown in Fig. 2 : k is the index of the vessel, l is the length, d is the diameter, c is the stiffness ((3)), R is the resistance (7) . Veins are considered to have the same structure with c k lowered by 20% and dubled d.
